Resveratrol (RSV) is a natural polyphenol that is known as a powerful chemopreventive and chemotherapeutic anticancer molecule. This study focused on the effects of RSV on the activities and expression levels of antioxidant enzymes in the cancer cells. Prostate cancer PC-3 cells, hepatic cancer HepG2 cells, breast cancer MCF-7 cells and the non-cancerous HEK293T kidney epithelial cells were treated with a wide range of RSV concentrations (10-100 µM) for 24-72 h. Cell growth was estimated by trypan blue staining, activities of the antioxidant enzymes were measured spectrophotometrically, expression levels of the antioxidant enzymes were quantified by digitalizing the protein band intensities on Western blots, and the percentage of apoptotic cells was determined by flow cytometry. Treatment with a low concentration of RSV (25 µM) significantly increased superoxide dismutase (SOD) activity in PC-3, HepG2 and MCF-7 cells, but not in HEK293T cells. Catalase (CAT) activity was increased in HepG2 cells, but no effect was found on glutathione peroxidase (GPX) upon RSV treatment. RSV-induced SOD2 expression was observed in cancer cells, although the expression of SOD1, CAT and GPX1 was unaffected. Apoptosis increased upon RSV treatment of cancer cells, especially in PC-3 and HepG2 cells. Together, our data demonstrated that RSV inhibits cancer cell growth with minimal effects on non-cancerous cells. We postulate that the disproportional up-regulation of SOD, CAT and GPX expression and enzymatic activity in cancer cells results in the mitochondrial accumulation of H 2 O 2 , which in turn induces cancer cell apoptosis.
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INTRODUCTION
Cancer is the second leading cause of death after myocardial infarction. Despite the great advances in modern medical science in the last century, most cancers are not yet curable. This is partly due to the complexity of the pathogenesis of cancer, and the difficulties in developing efficient treatments. Among the numerous factors, oxidative stress plays an important role in cancer initiation, promotion and progression by inducing the DNA damage and interfering with the intracellular signal transduction pathways (Klaunig and Kamendulis, 2004) . Since antioxidant enzymes play crucial roles in protecting cells from oxidative stress, dysregulation or defects in the activity of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT) and glutathione-peroxidase (GPX), are associated with cancer (Khan et al., 2010) . The decreased activities of antioxidant enzymes or the down-regulation of their expression were found to be associated with several types of cancers, including prostate cancer, bladder cancer, breast cancer, hepatic cancer, multiple myeloma (Arsova-Sarafinovska et al., 2009; De Craemer et al., 1993; Elchuri et al., 2005; Jeon et al., 2007; Kasapović et al., 2008; Sharma et al., 2009 ). Nevertheless, no change or even the higher expression and activities of antioxidant enzymes have also been reported in some cancers. For example, increased levels of SOD, with decreased CAT and unchanged GPX levels were reported in lung cancer tissues and in the A549 lung cancer cell line (Chung-man Ho et al., 2001 ). Therefore, maintaining the appropriate levels of antioxidant enzymatic activities may be essential for preventing cancer development. To this end, targeting antioxidant enzymatic activities could serve as an important strategy for developing therapeutic agents for cancer treatment. In addition, studying the effects of anticancer drugs on the activity and expression level of antioxidant enzymes will enhance the understanding of the mechanism in drug actions.
The preventive and therapeutic effects of copious natural products against cancer and other life threatening diseases have been documented. Resveratrol (RSV) [3,5,4′-trihydroxytrans-stilbene] has been shown to inhibit cancer initiation, promotion, and progression in numerous experimental models, including cancer cell lines, animal models, and even clinical trials (Harikumar and Aggarwal, 2008; Jang et al., 1997; Patel et al., 2011) . Both in vitro and in vivo studies have demonstrated that RSV possesses anti-cancer potential against many types of cancers, including prostate, hepatic, breast, skin, colorectal, and pancreatic cancer (Benitez et al., 2007; Bishayee, 2009; Mo et al., 2012; Sengottuvelan et al., 2009) . Mechanistically, different studies have revealed that RSV affects cancer cells by inducing apoptosis, altering the cell cycle, inhibiting angiogenesis, suppressing the signaling pathways of nuclear factor-kappa B (NF-κB) and cyclooxygenase, and activating the peroxisome proliferator-activated receptor (PPAR) (Benitez et al., 2007; Bishayee, 2009; Carbó et al., 1999; Chen et al., 2004; Mo et al., 2012; Nakata et al., 2012; Sengottuvelan et al., 2009; Zhou et al., 2005) . Moreover, RSV inhibits the metabolic activation of carcinogens, and has antioxidant and anti-inflammatory properties. RSV also alters the expression of cancer related miRNAs in cancer cells (Bae et al., 2011) . A recent study reported that RSV exerts its effects by increasing the activity of regulatory proteins, AMP-activated protein kinase and sirtuin through inhibition of cAMP-degrading phosphodiesterases (Park et al., 2012) . However, the precise mechanisms underlying the effects of RSV action are far from fully understood.
A large number of studies have demonstrated that RSV can serve as either an antioxidant or pro-oxidant depending on the specific microenvironment. The specifics of what make RSV a protective agent for normal cells, and a radical generator with cytotoxicity against cancer cells is still debatable (Muqbil et al., 2012) . Furthermore, the effects of RSV on the expression and activities of antioxidant enzymes in different cancers are contradictive. To dissect the mechanisms of RSV's action on the anti-oxidative response, by using the non-cancerous cell HEK293T as a control, this study specifically focused on the RSV-mediated effects on the expression levels and activities of antioxidant enzymes in different cancer cell lines.
MATERIALS AND METHODS

Cell culture
Three cancer cell lines, PC-3 (prostate cancer), HepG2 (hepatic cancer) and MCF-7 (breast cancer), and as control, noncancerous HEK293T (human embryonic kidney) cells were used in this study. PC-3 and HEK293T cells were cultured in RPMI1640 media [Invitrogen, USA] , while HepG2 and MCF-7 cells were cultured in DMEM media [Thermo Scientific Hyclone, USA], supplemented with 10% fetal bovine serum [Hangzhou Sijiqing Biological Engineering Materials Co., Ltd., China] at 37°C in an atmosphere with 5% CO 2 . The cells were plated at a density of 1.0 × 10 5 cells/ml in 24-well plate in 1 ml complete medium containing different concentrations (10, 25, 50 and 100 μM) of RSV [Sigma, USA]. After incubation for 24, 48, and 72 h, cells were harvested for subsequent experiments.
Cell growth analysis
Cell growth was assayed by trypan blue staining. Specifically, 0.8 mM of trypan blue [Solarbio, China] was prepared in phosphate buffered saline (PBS, pH 7.4). Cells were trypsinized, detached from the culture plates, and harvested. Then, an aliquot of cell culture was mixed with an equal volume of trypan blue solution. The viable cells, which excluded trypan blue, were then counted on a hemocytometer under the microscope.
Determination of the expression levels of antioxidant enzymes
The expression levels of enzymatic proteins were determined by electro-chemiluminescence (ECL) reactions. Specifically, cells were washed with PBS, and treated with radio immunoprecipitation assay buffer (RIPA) [Beyotime, China] and 1 mM phenylmethylsulfonyl fluoride (PMSF) for 30 min on ice. The cell lysate was collected as supernatant by centrifugation at 12,000 × g for 15 min. Protein concentration was measured by the Bradford method (Bradford, 1976) . Equal amount of proteins from each sample were then separated by SDS-PAGE. The separated proteins were transferred to nitrocellulose membranes by electro-blotting. The membrane was blocked for 2 h at room temperature in TBST (Tris-Buffered Saline and Tween 20: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.2% Tween-20) containing 5% nonfat milk. Blot was incubated with the primary antibody for 12 h followed by three washes with TBST. The membrane was then incubated with horseradish peroxidase (HRP)-conjugated-secondary antibody for 2 h, with gentle agitation, followed by another three washes with TBST. Protein bands were visualized after chemiluminescence and exposure to X-ray film. The primary antibodies used in this study were: anti-CAT, anti-SOD1, anti-SOD2, anti-GPX1, and anti-β-actin; anti-rabbit-IgG and anti-mouse-IgG were used as the secondary antibodies. Anti-SOD2 was purchased from Bios, Beijing Biosynthesis and Biotechnology Co. Ltd., China, and the other antibodies were purchased from Cell Signaling Technology, USA. The intensity of the bands was quantified using the 'ImageJ' software.
Determination of the activities of antioxidant enzymes
After centrifugation at 12,000 × g for 15 min, the cell lysates were collected for the determination of enzyme activities. The activities of the antioxidant enzymes SOD, CAT, and GPX were measured as unit/mg protein by spectrophotometrical methods. SOD activity was assayed by the xanthine-oxidase method (Sun et al., 1988) . CAT activity was assayed by the ammonium molybdate method (Góth, 1991) , and GPX activity was assayed by the DTNB method (Rotruck et al., 1973) . The commercial kits used in these assays were supplied by Nanjing Jiancheng Bioengineering Institute, China.
Determination of hydrogen peroxide content Cells were collected by centrifugation (2,000 × g for 5 min, at 4°C), washed with PBS and homogenized with PBS containing 1 mM EDTA (pH 7.0). The homogenized solution was centrifuged at 10,000 × g for 15 min at 4°C and the supernatant was collected for the assay. Hydrogen peroxide (H 2 O 2 ) content was determined by spectrophotometrical method (Graf and Penniston, 1980) . The commercial kit used in this assay was supplied by Nanjing Jiancheng Bioengineering Institute, China.
Flow cytometric analysis of cell apoptosis Cells were harvested after RSV treatment for 72 h, washed with PBS and fixed in 70% ethanol for overnight. Then, the percentage of apoptotic cells and cells in the different phases of the cell cycle were analyzed by flow cytometry.
Statistical analysis
Data were analyzed by one-way ANOVA followed by the LSD post-hoc test. Results were presented as mean ± SEM. P ≤ 0.05 was considered statistically significant. The SPSS16.0 statistical program was used for the analyses.
RESULTS
Resveratrol inhibits cancer cell growth in a dosedependent manner As shown in Fig. 1 , after 24 h of RSV treatment at a concentra- However, RSV treatment at a concentration less than 25 µM was ineffective in MCF-7 cells. In addition, 50 µM RSV showed significant inhibitory effects in all three cancer cell lines after 48 and 72 h of treatment, but at this concentration, RSV also exhibited significant growth inhibition of HEK293T cells. One hundred micromolar of RSV showed significant growth inhibitory effects on each of the tested cell lines. The dose of 25 µM RSV was identified as the most efficient dose in inhibiting cell growth of each tested cancer cell line, without affecting HEK293T cell.
Resveratrol-mediated up-regulation of the activities and expression of antioxidant enzymes is disproportional in cancer cells
The SOD activity in PC-3 cells was found to be 4.94 unit/mg of protein, which significantly increased with RSV treatment for 72 h of 10 µM, 25 µM and 50 µM by 43%, 88% and 105%, respectively. In HepG2 cells, treatment of 10 µM, 25 µM and 50 µM RSV significantly increased SOD activity by 55%, 63% and 87% respectively compared to SOD activity in untreated HepG2 cells (3.41 unit/mg protein). Treatment with 25 µM and 50 µM RSV for 72 h significantly increased the SOD activity by 54% and 60%, respectively in MCF-7 cells, whereas the activity was 2.82 unit/mg protein in untreated cells. SOD activity in HEK293T cells was 4.8 unit/mg protein. RSV at lower concentrations (10 µM or 25 µM) showed no significant changes in SOD activity, but at high concentrations (≥ 50 µM), there was a 49% increase / ml) were treated with 0-100 µM of RSV for 24-72 h. After harvesting, trypan blue staining was performed for cell counting. Results in bars are presented as mean ± SEM (n = 5); **P ≤ 0.01 and *P ≤ 0.05, compared with control (0 µM RSV), analyzed by oneway ANOVA and LSD post-hoc test. in SOD activity in HEK293T cells ( Fig. 2A) . Western blotting showed significantly increased levels of SOD2 in PC-3, HepG2 and MCF-7 cells (by 3-fold, 2.5-fold, and 1.5-fold, respectively) with treatment of 25 µM RSV for 72 h, but the effect on HEK293T cells was non-significant. The difference in the expression level of SOD1 in cells either treated or untreated with RSV was not significant (Fig. 3) . CAT activity in PC-3, HepG2, MCF-7, and HEK293T cells was 4.20, 4.82, 4.08, and 7.28 unit/ mg protein, respectively. The activity increased to some extent in each of the tested cell lines after RSV treatment for 72 h, and the effect in HepG2 cells was significant. In HepG2 cells, treatment with 25 µM or 50 µM RSV increased CAT activity by 45% and 42%, respectively. However the effect of RSV treatment on the CAT activity in other cells was non-significant (Fig. 2B) .
Western blot analyses did not show any significant changes in CAT protein expression in any cell lines treated with RSV, although a marginal increase was observed in the cancer cells treated with RSV (Fig. 3) . The effect of RSV on GPX activity in the different cell lines is presented in Fig. 2C . In HEK293T, PC-3, HepG2, and MCF-7 cells, GPX activity was 0.65, 0.60, 0.74, and 0.60 unit/mg protein, respectively. Treatment with 10-50 µM RSV for 72 h showed no significant change in GPX activity. Consistent with this data, changes in GPX1 protein levels were minimal in RSV-treated and untreated cells (Fig. 3) .
Resveratrol induces hydrogen peroxide production in cancer cells RSV showed significant effects on the production of H 2 O 2 in cancer cells (Fig. 2D) . Treatment of 10 µM RSV for 72 h slightly increased the H 2 O 2 contents in cancer cells, meanwhile treatment with 25 µM RSV significantly increased H 2 O 2 production in PC-3 and HepG2 cells (by 2.5-fold). In addition, a slight increase in H 2 O 2 production was also noticed in MCF-7 cells. However, at these concentrations (10-25 µM), RSV had the opposite effect on HEK293T cells, in that it caused a decrease in H 2 O 2 production. RSV concentrations at 50 µM resulted in a slight effect on H 2 O 2 production in HEK293T and cancer cells. It is worth noting that the production of H 2 O 2 in cancer cells was in accordance with the activity of SOD enzyme ( Fig. 2A) .
Resveratrol induces cancer cell apoptosis
Flow cytometric analysis revealed that the percentage of apoptotic cells increased in cancer cell lines, especially in PC-3 and HepG2 cells (Fig. 4) . The percentage of apoptotic cells was 4.40% in untreated PC-3 cells, and increased by nearly 7-fold (29.11%) in RSV-treated PC-3 cells. In untreated PC-3 cells, 50.72% cells were in G1 phase, 39.71% were in S phase and 9% were in G2 phase. On the other hand, in RSV-treated PC-3 cells, 41.33%, 58.66% and 0.01% of cells were in the G1, S and G2 phases, respectively. Similar to PC-3 cells, the percentage of apoptotic HepG2 cells was nearly 7-fold higher in RSV-treated HepG2 cells (22.89%) than that in untreated HepG2 cells (3.70%). In this case, in untreated HepG2 cells, 53.5% cells were in G1 phase, 39.89% were in S phase and 6.61% were in G2 phase, whereas, in RSV-treated HepG2 cells, 50.52% cells were in G1 phase and 49.48% in S phase, but no cells were in G2 phase. However RSV showed minimal effects on the percentage of apoptotic cells in MCF-7 cell line. The percentage of apoptotic cells was 3.60% in untreated MCF-7 cells that increased slightly (4.80%) in RSV-treated MCF-7 cells. In untreated MCF-7 cells, 53.02% were in G1, 42.04% were in S and 4.94% were in G2 phase, whereas, in RSV-treated MCF-7 cells, 53.73% cells were in G1, 46.27% in S phase, but no cells were in G2 phase. Unlike PC-3 and HepG2 cells, the per- 
DISCUSSION
It has been postulated that either decreased expression or lower activity of antioxidant enzymes is partially responsible for carcinogenesis (Arsova-Sarafinovska et al., 2009; De Craemer et al., 1993; Elchuri et al., 2005; Jeon et al., 2007; Kasapović et al., 2008; Khan et al., 2010; Sharma et al., 2009 ). Consequently, up-regulation of the expression of antioxidant enzymes or enhancement of their activities has been proposed as an effective strategy for both cancer prevention and therapy. For example, progestin induction of catalase activity has proven to be effective against breast cancer (Petit et al., 2009) . Genistein, an anticancer isoflavonoid, was shown to up-regulate SOD2 and catalase expression in PC-3 and DU145 prostate cancer cells (Park et al., 2010) . Taurine was found to increase the expression of SOD, GPX and CAT, and was thus effective in the B16F10 melanoma cell line (Yu and Kim, 2009) . RSV has been considered as an effective chemo-preventive agent against different cancers by hindering cancer initiation, promotion, and progression (Huang and Zhu, 2011; Jang et al., 1997) . RSV is a natural polyphenol and possesses anti-oxidant potential (Frémont et al., 1999; Kovacic and Somanathan, 2010; Miller and Rice-Evans, 1995) . It is therefore expected that RSV itself may serve as an antioxidant. However, the effect of RSV on the expression and activity of antioxidant enzymes in different cancers is controversial. This study was conducted specifically to dissect the mechanisms of RSV's action on the anti-oxidative response in different cancers. We demonstrated that both the expression and enzymatic activity of SOD2 were significantly up-regulated by RSV in PC-3, HepG2 and MCF-7 cells. However, RSV only moderately up-regulated the expression levels and activities of CAT and SOD1, and showed no effect on the expression and activity of GPX1 in all tested cancer cells. More importantly, under low concentrations, the effects of RSV on the expression and activity of these enzymes in the non-cancerous HEK293T cells were marginal. This demonstrates that the antioxidative action of RSV is cancer-specific, and SOD2 is more responsive to RSV than other antioxidant enzymes.
Superoxide dismutase (SOD) is a class of enzymes that catalyzes the dismutation of superoxide into H 2 O 2 and O 2 . Subsequently, CAT and GPX catalyze the decomposition of H 2 O 2 to H 2 O and O 2 (Khan et al., 2010) . These consecutive reactions ensure that the cells effectively deal with oxidative stress, derived from reactive oxygen species. We demonstrated that although RSV simultaneously up-regulated SOD, CAT and GPX in different cancer cells, the up-regulation was disproportional to the dramatic increase of SOD expression and marginal elevation of CAT and GPX expression, as well as their enzymatic activities. The net result of this disproportional up-regulation was accumulation of H 2 O 2 . There are two SODs with different subcellular locations; namely SOD1 (also called Cu/ Zn-SOD) and SOD2 (also known as Mn-SOD), which are located in the cytosol and mitochondria, respectively. Thus, it is expected that the dramatic up-regulation of SOD2 and the moderate elevation of CAT and GPX would result in the elevation of H 2 O 2 concentrations in the mitochondria. H 2 O 2 is not only a 'reactive oxygen species', but also an important signaling molecule (Giorgio et al., 2007) . Multiple lines of evidence have indicated that mitochondrial H 2 O 2 is a direct and potent apoptosis inducer (Giorgio et al., 2005; Kowaltowski et al., 2001) . Consistent with the report that the up-regulation of SOD2 is important in the mechanism of RSV action in other human cells (Robb et al., 2008) , we demonstrated that the treatment of cancer cells by RSV results in apoptosis, presumably due to the differentially regulated anti-oxidative enzymes. However, we only found this increase in apoptosis in the PC-3 and HepG2 cells when cells were treated with RSV, and this effect was not seen in MCF-7 cells. This indicates the pro-apoptotic effect of RSV is only specific to certain cancer cells. Therefore, we speculate that in MCF-7 cells, RSV induces growth inhibition and cell death through a non-apoptotic pathway. Indeed, previous studies have shown that RSV induces multiple pathways of MCF-7 cell death, including autophagy (Scarlatti et al., 2008) .
In the present study, we used HEK293T as a control cell line to distinguish the effects of RSV on cancer cells from that on non-cancerous cells. We found that RSV, when used at low concentrations, inhibited the growth of multiple human cancer cell lines including prostate cancer (PC-3), hepatic cancer (HepG2) and breast cancer (MCF-7) cells, but without affecting the growth of the non-cancerous HEK293T cells. We also noticed that compared to CAT and GPX, SOD2 protein levels, as well as its enzymatic activity, were significantly up-regulated in all cancer cell lines, however in non-cancerous cells, these enzymes were all up-regulated in a relatively proportional manner. More importantly, no increase in apoptosis rate was observed in the non-cancerous cells. However, at a higher concentration (≥ 50 µM), RSV also exhibited an inhibitory effect on non-cancerous cell growth. Consistent with the findings from clinical trials (Patel et al., 2011; Scott et al., 2012) , this suggests that higher doses of RSV may lead to adverse side effects. Although RSV was recently evaluated for safety clinical trials, and was found to be safe and reasonably well-tolerated at doses of up to 5 g/day for healthy adult males with a body weight of around 70 kg (Patel et al., 2011) , we still caution that when RSV is used as either a preventive or therapeutic agent, the dosage should always be carefully considered. Further studies are recommended to investigate the mechanism underlying the up-regulation of SOD2 in cancer cells by RSV. In addition, more clinical investigations of RSV in regard to its safety as an anti-cancer drug, are necessary.
